The effect of cathode geometry on barium transport in hollow cathode plasmas J. Appl. Phys. 115, 183301 (2014) Reactive gases such as oxygen and water vapor modify the surface morphology of BaO dispenser cathodes and degrade the electron emission properties. For vacuum cathodes operating at fixed temperature, the emission current drops rapidly when oxygen adsorbs on top of the low work function surface. Previous experiments have shown that plasma cathodes are more resistant to oxygen poisoning and can operate with O 2 partial pressures one to two orders of magnitude higher than vacuum cathodes before the onset of poisoning occurs. Plasma cathodes used for electric thrusters are typically operated with xenon; however, gas phase barium, oxygen, and tungsten species may be found in small concentrations. The densities of these minor species are small compared with the plasma density, and thus, their presence in the discharge does not significantly alter the xenon plasma parameters. It is important, however, to consider the transport of these minor species as they may deposit on the emitter surface and affect the electron emission properties. In this work, we present the results of a material transport model used to predict oxygen fluxes to the cathode surface by solving the species conservation equations in a cathode with a 2.25 mm diameter orifice operated at a discharge current of 15 A, a Xe flow rate of 3.7 sccm, and 100 ppm of O 2 . The dominant ionization process for O 2 is resonant charge exchange with xenon ions. Ba is effectively recycled in the plasma; however, BaO and O 2 are not. The model shows that the oxygen flux to the surface is not diffusion-limited; therefore, the high resistance to oxygen poisoning observed in plasma cathodes likely results from surface processes not considered here. 
I. INTRODUCTION
Hollow cathodes are one of the main life-limiting components in electric thrusters, which are often required to operate in excess of 10 000 h. State-of-the-art hollow cathodes consist of a porous tungsten tube that is heated using an external resistive heater until it reaches the temperature for thermionic emission. Neutral xenon gas is injected into the cathode and is ionized via electron impact creating a plasma. An orifice plate is located downstream of the tungsten emitter to increase the gas pressure inside the hollow cathode.
A low emitter operating temperature is essential for extending cathode lifetime. This is achieved for cathodes operating at fixed current density by maintaining a low work function surface. When barium atoms are adsorbed on an oxygen monolayer on top of the tungsten substrate, a Ba þ O À dipole forms that reduces the work function from 4.5 eV for tungsten to less than 2.1 eV. 1 Ba and BaO are generated by impregnating the cathode with a BaO-CaO-Al 2 O 3 source material that reacts with the tungsten matrix to release Ba and BaO that then migrate to the surface via Knudsen flow and surface diffusion on the pore walls.
Contaminants such as oxygen and water vapor, which may be introduced into the xenon flow via leaks, propellant impurities, and residual chemicals in the feed system, can interact with the cathode material, altering the emitter surface structure and cathode chemistry. Excess oxygen adsorbs onto the emitter surface and disturbs the Ba þ O À dipole, resulting in degradation of the electron emission properties. Haas et al. showed that the work function of a BaO cathode increased to 2.9 eV following exposure to 10 L of O 2 . 2 An increase in the surface work function will increase the operating temperature for cathodes operating at fixed current density. This accelerates the evaporation of the barium oxide source material, resulting in reduced cathode life.
Cronin showed that the emission current of a vacuum cathode operating at 1000 C dropped off rapidly at oxygen partial pressures above 10 À7 Torr. 3 However, oxygen poisoning in discharge cathodes begins to occur at oxygen partial pressures between 10 À6 and 10 À5 Torr, indicating that plasma cathodes are more resistant to oxygen poisoning than vacuum dispenser cathodes. 4 A significant amount of work has been done previously to understand the effects of oxygen poisoning in vacuum cathodes; 2, 3, [5] [6] [7] [8] [9] [10] [11] [12] however, the xenon plasma adds complexity, and its role during cathode poisoning in discharge cathodes is not completely understood. In this work, we present the results of a material transport model used to predict the oxygen fluxes to the cathode surface that can later be used in kinetics models to understand the dynamics of oxygen poisoning at the plasma-surface interface.
The Xe discharge plasma is primarily composed of Xe neutrals, Xe þ ions, and electrons. However, gas phase barium, oxygen, and tungsten species are also found in small concentrations. The densities of these minor species are small compared with the plasma and Xe neutral densities, and thus, their presence in the discharge does not significantly alter the Xe plasma parameters. Transport of these particles is governed by the conservation equations and interactions with the Xe plasma. Key physical interaction processes include collisions with electrons, Xe þ ions, and Xe neutrals resulting in momentum transfer, charge exchange, recombination, and ionization. Ionized minor species are also accelerated due to the potential gradients in the plasma. In order to compute the distribution of minor species, the physical interactions and transport processes have been implemented in a numerical simulation of the hollow cathode geometry.
The hollow cathode transport model was first developed and presented by Polk et al. to describe the diffusion of Ba through the Xe discharge. [13] [14] [15] Polk et al. have shown that Ba is supplied to the emitter surface through the gas phase and is recycled within the cathode. Ba evaporates from the insert, is ionized in the plasma, and is transported back to the surface via the electric field and Xe þ ion drag. 15 The Ba deposited on the emitter provides enough coverage to sustain the low work function surface even in regions where the pores may be blocked and Ba supply from the interior is inhibited. This conclusion is significant as it shows that Ba depletion is not as crucial to the lifetime of plasma cathodes as it is to vacuum cathodes.
The work presented here expands upon the transport model of Polk et al. 15 to include BaO and to model the dynamics during 100 ppm of oxygen poisoning for a cathode with a 2.25 mm diameter orifice operated at a discharge current of 15 A and a Xe flow rate of 3.7 sccm. The minor species considered in this work include: Ba, Ba
The continuity and momentum equations governing the minor species transport are solved using inputs from a Xe plasma model developed separately by Mikellides et al. [16] [17] [18] The results of the Xe plasma model show that the cathode generates a high density, low temperature plasma. The neutral and plasma densities are on the order of 10 21 and 10 20 m
À3
, respectively. The heavy particle temperature is between 1300 and 1750 K, and typical electron temperatures are between 1.6 and 2.2 eV. The addition of minor species is assumed to not significantly affect the results of the Xe plasma solution, and therefore, the Xe plasma and minor species transport models may be solved sequentially. Ba and BaO are introduced into the gas via evaporation from the emitter pores, and ions are generated via electron impact ionization. The addition of BaO in the model does not change the Ba solution presented previously by Polk et al. [13] [14] [15] Once the Ba/BaO solution reaches equilibrium, O 2 is introduced into the discharge to simulate oxygen poisoning. The transport of tungsten oxide species in the discharge is not modeled as the densities of these species are expected to be small compared with barium and oxygen.
II. MINOR SPECIES TRANSPORT EQUATIONS
The transport of minor species through the xenon plasma is described using the following form of the conservation equations. The continuity equation for species j in a gas mixture is
where n j is the density, m j is the mass, u j is the mean species velocity, and _ n j;gen is the generation rate of species j. The species momentum transfer equation for a nonreactive gas containing a mixture of two species is
where classical viscous momentum transfer is neglected, P j ¼ n j kT is the partial pressure of species j, F j accounts for an external applied force, and b jk is the momentum transferred to species j during collisions with species k and is approximated by
The collision frequency between j and k particles is given by jk , and l jk is the reduced mass. For a reactive mixture, the following source term must be added to the right-hand side of Eq. (2) to account for the change in the total momentum by the creation or annihilation of species j particles:
where S j is the rate at which j particles are created, u j;birth is the average velocity of newly created j particles, R j is the rate at which j particles are lost, and u j;death is the mean velocity when they are lost. The difference between S j and R j is equivalent to the generation rate of species j, i.e., _ n j;gen ¼ S j À R j . We assume that u j;birth ¼ u j;death ¼ u j , such that S j u j;birth À R j u j;death ¼ _ n j;gen u j . The terms on the left hand side of Eq. (2) are expanded and combined with Eq. (1) to yield
where F j is replaced by the Lorentz force, which acts on the ions, and where q j is the particle charge, E is the electric field, and B is the magnetic field. If we neglect the magnetic field effects and the acceleration terms on the left hand side of Eq. (5) under the assumption that the bulk motion of species j is slow, the momentum equation simplifies to
For neutral particles, there are no externally applied forces and Eq. (6) can be written in the form of a diffusion equation
where ðu j À u k Þ is the differential motion due to diffusion and D jk ¼ kT= jk l jk can be identified as the conventional binary diffusion coefficient. 19 In this formulation of momentum transport, b jk is a molecular-level representation of diffusive species transport.
This model is extended to a system with eight minor species: Ba, Ba
, BaO, and BaO þ diffusing through a gas mixture containing three major species: e À , Xe, and Xe þ . Since the density of each minor species in the gas is several orders of magnitude lower than the major species densities, we assume that the minor species only experience momentum exchange with the major species and drag between minor species is neglected.
The collision term in Eq. (6) is modified to account for collisions with each of the three major species
where the subscript j refers to each of the minor species and the subscript k refers to each of the major species.
We expand the final term on the right-hand side of Eq. (6) and solve for the flux, C j ¼ n j u j , to obtain
Equations (1) and (9) represent a set of 16 equations, where the unknown quantities are the velocity, u j , and number density, n j , of each minor species. All other quantities are precalculated in the Xe plasma simulation and are assumed to be independent of the dynamics of the barium and oxygen plasma. The equations are discretized using a finite volume approach and are solved on a two-dimensional axisymmetric mesh 2 cm long with a radius 0.189 cm.
All vector quantities are edge-centered; all scalar quantities are cell-centered. The minor species fluxes were calculated via Eq. (9) . The initial densities of Ba and BaO were assumed to be uniform throughout the cathode. The flux values were substituted into Eq. (1), which was then evolved in time until the densities and fluxes achieved steady-state values. Since oxygen was introduced at the cathode inlet, the densities of O, O þ , O 2 , and O þ 2 were initially assumed to be zero everywhere. Using the divergence theorem, the discretized form of the continuity equation given in Eq. (1) is
where V is the cell volume, dt is the time step and is on the order of 1 ns, C a represents the flux across edge a, and A a is the area of edge a.
III. GAS PHASE REACTIONS IN THE XENON PLASMA
The gas phase reactions considered in this work include momentum transfer, electron impact ionization, charge exchange, and chemical reactions. Three-body electron attachment to O 2 molecules was not included here as the rate constant for this reaction is on the order of 10 À44 m 6 /s assuming Xe is the third body, 20 and the frequency for this reaction is 10 À4 s
À1
, which is many orders of magnitude lower than the other reactions considered here.
Electron-neutral collisions. The collision frequencies for momentum transfer during electron-neutral collisions were obtained by integrating momentum transfer cross sections for collisions between electrons and O, O 2 , and Ba over a Maxwellian velocity distribution. [21] [22] [23] Electron impact ionization also results from these collisions. The ion generation rate of species j is the product of the neutral density of species j and the ionization rate
The ionization rate was obtained by integrating electron impact ionization cross sections for O, O 2 , Ba, and BaO over a Maxwellian velocity distribution. [24] [25] [26] [27] [28] For the ionization of BaO, Hastie et al. measured a single maximum cross section of r m ¼ 1:7 Â 10 À16 cm 2 at an electron energy of E m ¼ 26 eV. 27 This value of r m is scaled over a range of energy values using the following analytical model:
where U ¼ 6:91 eV is the ionization potential of BaO. Electron-ion collisions. The electron-ion Coulomb collision frequency is given by
where the Coulomb logarithm for electron-ion collisions is
and is valid for T i m e =m i < T e < 10Z 2 eV. T e and T i are the electron and ion temperatures, respectively, and are given in units of eV. n e is the electron density in m
À3
, eZ is the particle charge, and m e and m i are the electron and ion masses, respectively.
Electron-ion recombination of the minor species is not considered in the plasma since the electron-ion collision frequencies are several orders of magnitude lower than the electron-neutral collision frequencies.
Mixed ion-ion collisions. The Coulomb collision frequency for collisions between minor species ions and Xe
where the Coulomb logarithm for mixed ion-ion collisions is 29 ln
We assumed that all ions are singly charged, i.e., Z ¼ Z 0 ¼ 1, the minor species ions have thermalized with the Xe þ ions, i.e., T i % T i 0 , the Xe þ density is much greater than the minor species ion density, i.e., n i 0 ) n i , and n e ¼ n i is the plasma density.
Neutral-neutral collisions. The frequency for collisions between two neutral species is given by 30 j n ;Xe ¼ n Xe Q ffiffiffiffiffiffiffiffiffiffiffiffi ffi 8eT h pl j n ;Xe s ;
where Q ¼ pr 2 jk X jk is the scattering cross section for a binary gas mixture 31 and r jk is estimated by averaging the collision diameter of each species. The collision integral for the Lennard-Jones interaction potential, X jk , is expressed using the empirical fit
where T Ã ¼ eT=e jk for T in eV and e jk ¼ ffiffiffiffiffiffiffi 
where r is the van der Waals radius. The radius of the BaO molecule was taken to be half that of the sum of the bond length and the atomic radii of Ba and O. Ion-neutral collisions. During ion-neutral scattering, a dipole moment may be induced in the neutral particle by the ion's electric field. The induced dipole moment exerts a force on the incoming particle, which leads to Langevin polarization capture. 34 The Langevin cross section is given by
where a p is the polarizability of a neutral atom or molecule, l is the reduced mass of the pair, and v rel is the relative velocity between the two particles. 34 For interactions with molecules that have a permanent dipole, 34, 35 the Langevin cross section is enhanced and the resulting collision frequency can be expressed as
where c is a parameter between 0 and 1 that accounts for the effectiveness of the ion locking in the dipole, i.e., c ¼ 0 corresponds to free rotation of the dipole and c ¼ 1 corresponds to a locked dipole where h ¼ 0 with respect to the vector between the two particles. 35, 36 The dipole moment, l D , is calculated as the product of the total positive or negative charge and the distance between the charge centroids. The BaO dipole moment was calculated to be 8:843 Â 10 À29 CÁm for a Ba-O bond length of 2.76 Å . 37 39 The data are extrapolated to lower energies using the following equation from Rapp and Francis valid for ion energies greater than 0.052 eV: and O was not considered here as the reaction is endothermic and has an energy defect of 1.49 eV. The rate constant for these charge exchange collisions is small for the heavy particle temperatures in the cathode. 34 Chemical reactions. BaO and O are generated via reactions between Ba and O 2 according to the reaction
The rate constant for this reaction was measured by Kashireninov et al., for temperatures between 970 and 1180 K and is fit to an Arrhenius equation. 42 The rate constant is extrapolated out to typical cathode operating temperatures. Ionneutral collisions may also occur, and the most favorable reactions for Ba þ reacting with O 2 and Ba reacting with O þ 2 are
Since the reaction in Eq. (25) is exothermic, we assume that the reaction proceeds to completion every time Ba and O þ 2 collide. Therefore, the reaction rate constant for Eq. (25) is assumed to be equal to the Langevin rate constant. The cross sections for the reaction given in Eq. (24) 44 and the dissociation energy of BaO is 5.42 eV. 45 Since these energies are relatively high, dissociation of these molecules will be neglected in this work.
IV. BOUNDARY CONDITIONS
The computational domain has five boundary surfaces: the upstream inlet, emitter surface, orifice plate, orifice, and centerline. The net flux, defined as C net ¼ C in þ C out , is prescribed at each boundary, where C in and C out refer to the flux into and out of the plasma control volume, respectively. The direction of the flux vectors and a summary of the boundary conditions are shown in Fig. 1 . Ba and BaO are introduced into the gas via evaporation from the emitter pores, and ions are generated via electron impact ionization. O 2 enters the plasma control volume with the Xe gas through the upstream inlet, and O, O þ , and O þ 2 are generated inside the plasma discharge. A detailed discussion of the boundary conditions at each surface is presented below.
Upstream inlet to the cathode. This boundary is a source of O 2 , which enters the cathode with the Xe gas. To model an O 2 concentration of 100 ppm, it is assumed that O 2 enters the plasma control volume at the Xe neutral velocity and that the O 2 flux is four orders of magnitude lower than the Xe neutral flux. This boundary serves as a sink for all other minor species, and it is assumed that these species flow out of the plasma control volume and upstream across this boundary at the thermal velocity.
Emitter surface. Gaseous Ba and BaO are generated in the emitter via reactions between the impregnant material and the tungsten matrix. These products then flow through the emitter pores and enter the plasma control volume across this boundary. The supply rate of Ba and BaO is driven by the difference between the pressure at the reaction front and the partial pressure at the surface.
14 During cathode operation, the insert pores become depleted of Ba over time and the reaction front recedes further into the pores, thus increasing the distance through which these species must flow to reach the surface. Therefore, the arrival rate of Ba to the surface must also depend on the depletion depth and subsequently, the operating time.
Roquais et al. 46 measured the Ba depletion depth with time for vacuum dispenser cathodes containing impregnant with a 4:1:1 molar ratio of BaO, CaO, and Al 2 O 3 over a range of temperatures and developed a relation for the flux of Ba through the pores using kinetic theory. Polk et al.
14 used these data to derive an expression for the Ba supply flux in plasma cathodes by modifying Roquais' relation to account for the Ba partial pressure at the surface and the difference in the effective mean free paths for the two cathodes, which have different porosity. The Ba supply flux used here is that given by Polk et al.
where C R s;Ba is the Ba supply flux derived by Roquais for vacuum cathodes given by
and k eff is the effective mean free path of the particles accounting for geometric factors, C ¼ k eff;R =k eff;HC ¼ 1:2, 14 d is the depletion depth, P v is the Ba vapor pressure, and the pressure gradient is approximated by P v =d. It has been observed that the evaporants from a 4:1:1 dispenser cathode consist of a molar ratio of Ba to BaO of 13.3:1, 47 and therefore, the supply rate of BaO from the emitter surface is taken to be C s;BaO ¼ C s;Ba =13:3. It has been shown that the build-up of multiple Ba layers is unstable at normal cathode operating temperatures, 48 and therefore, the emitter surface is assumed to be in steady state so that no Ba or BaO are allowed to accumulate on the surface. Ions leave the plasma control volume at the Bohm velocity. The ions then recombine at the surface and leave as neutrals at the thermal velocity. No ions are released from the surface back into the gas; therefore, the net ion flux of Ba þ and BaO þ at the emitter surface is:
1=2r .
FIG. 1. Diagram of the transport model boundary conditions.
Since the surface is in steady state, the total flux of Ba and BaO must be zero at the surface. Therefore, the flux of Ba and BaO to the surface (either through the pores or via adsorption from the gas phase) must be balanced by desorption of these species from the surface and the net neutral flux at the surface is:
þ C s;n r. If the reactions supplying Ba and BaO are inhibited, the net neutral flux simply balances the ion flux to the surface. The oxygen behaves differently than Ba and will deposit on the emitter surface until it is saturated and can no longer accumulate additional oxygen. Therefore, the emitter boundary conditions change over time from a largely absorbing surface to a nonabsorbing surface once steady state is reached. To understand the gas phase dynamics, two bounding cases are considered here. First, we consider the case in which there is no accumulation of oxygen on the emitter surface and the emitter surface is assumed to be in steady state. Ions leave the plasma control volume and strike these surfaces at the Bohm velocity where they recombine and leave as neutrals.
Second, we consider that the emitter surface is perfectly absorbing, i.e., all oxygen ions and neutrals that reach the surface remain on the surface. This case is referred to as the perfectly absorbing boundary condition. The emitter surface is no longer assumed to be in steady state, and any oxygen that strikes the surface is allowed to accumulate on the surface without bound. Oxygen ions leave the plasma control volume and strike the emitter surface at the Bohm velocity. The ions are completely absorbed by the surface, and none are released back into the plasma. Oxygen neutrals are assumed to leave the plasma control volume and strike the emitter surface at the thermal velocity.
Orifice plate. The orifice plate is a non-emitting surface and is assumed to be in steady state so that no particles are allowed to accumulate on the surface. Ions leave the plasma control volume at the Bohm velocity. The ions then recombine at the surface and leave as neutrals-no ions are released from the surface back into the gas. Since the surface is in steady state, the total flux of each species must be zero at the surface, and thus, C n ¼ ÀC i .
Cathode orifice. It is assumed that all neutrals flow out of the plasma control volume through the cathode orifice at the Xe neutral velocity and that all ions flow out of the plasma control volume at the Xe þ ion velocity. The solution appears to be relatively insensitive to changes in this boundary condition, with the exception of BaO neutrals. In Polk's version of the transport model, the neutrals are assumed to flow out of the plasma control volume through the cathode orifice at the thermal velocity. 15 Imposing this boundary condition for BaO causes steep gradients in the BaO neutral densities near the orifice, which is unphysical. Modifying this boundary condition so that all neutrals leave at the Xe neutral velocity does not significantly alter the results of Polk's barium simulation since the barium density is so low near the orifice.
Centerline. This is a symmetry boundary and the ion and neutral fluxes are set to zero: C i ¼ C n ¼ 0r.
V. TRANSPORT MODEL SOLUTION
Mikellides et al. have developed a two-dimensional numerical model of the weakly ionized, highly collisional xenon plasma inside the hollow cathode emitter region that is described elsewhere. [16] [17] [18] The computational mesh is axisymmetric about r ¼ 0 with a length of 2 cm and an inner radius of 0.189 cm. The transport model was run for a discharge current of 15 A and a xenon flow rate of 3.7 sccm. The solution to the xenon plasma model at these conditions shows that the cathode generates a high density, low temperature plasma. The results are shown in Fig. 2 and are briefly discussed here. Note that the light gray region between r ¼ 0:189 and r ¼ 0:27 cm shown in Fig. 2 represents the emitter surface, and the dark gray region above r ¼ 0:27 cm represents the outer cathode tube, which houses the porous tungsten emitter.
Neutral Xe enters the cathode through the upstream boundary and accelerates through the orifice as shown by the Xe neutral density contours and streamlines in Fig. 2(a) . The density decreases near the downstream end of the computational region as neutrals exit through the orifice or become ionized. Most of the ionization occurs in regions where electron temperatures are highest. Figure 2(b) shows the electron temperatures and electron current streamlines. Electrons are thermionically emitted from the insert surface, and electrons emitted between z ¼ 1.6 and 2.5 cm escape through the orifice, while electrons emitted at axial locations of z < 1:6 cm move further upstream where the plasma potential is lower. A more detailed description of the plasma in this cathode under similar operating conditions is described by Mikellides et al. 16, 18 High plasma densities occur between z ¼ 1:9 and 2.2 cm as shown in Fig. 2(c) . Ions flow radially out of this region and either strike the insert surface or escape through the orifice or upstream inlet. Ions that strike the insert surface recombine and are reemitted as neutrals. This process accounts for the neutral xenon streamlines seen to originate at the emitter surface in Fig. 2(a) . Figure 2(d) shows plasma potential contours and ion current streamlines.
The transport model was initially solved considering only Ba and BaO in the background Xe plasma and was run until the Ba and BaO species densities reached equilibrium. At this point, oxygen was allowed to enter the upstream inlet and the model was run considering the two bounding cases for the emitter surface boundary conditions. The solution to the Ba/BaO transport model was unchanged by the addition of oxygen in the discharge.
Ba neutrals are supplied from the emitter interior, evaporate from the emitter surface, and enter the discharge as shown in Fig. 3(a) . Neutrals that are emitted from the insert at axial locations of z < 1 cm escape through the upstream inlet, and neutrals emitted from the surface downstream of z ¼ 1 cm are swept into the ionization zone by the neutral xenon flow and are ionized before they can escape through the orifice exit. A low density region encompassing the last 10 mm of the insert forms as a result of intense ionization of Ba, which has a relatively low ionization potential of 5.2 eV. The mean free path for Ba ionization in this region is approximately 0.2 mm as shown in Fig. 4(a) . Note that the ionization region for barium coincides with the high plasma density region shown in Fig. 2(c) as expected. Figure 3(b) shows the Ba þ ion density contours and streamlines. The Ba þ ions formed in the ionization zone are pushed back to the surface via the electric field.
BaO neutrals evaporate from the emitter, enter the discharge, and are pushed downstream by the Xe neutral gas flow as shown in Fig. 3(c) . The dominant process for producing BaO þ is via electron impact ionization of BaO, and very little BaO þ is generated by reactions between barium and oxygen as the densities of these species are relatively low. The BaO ionization rate constant is approximately an order of magnitude lower than the rate constant for Ba ionization, and the ionization potential for BaO is 6.9 eV. Therefore, Fig. 3(c) shows that some BaO escapes ionization and exits the cathode through the orifice. Some BaO does get ionized and is transported back to the surface in the same way that Ba þ ions are. Figure 3(d) shows the BaO ion density contours and streamlines. The BaO mean free path for ionization is approximately 3 mm as shown in Fig. 4(b) .
The terms in the expression for momentum conservation given in Eq. (5) the assumption to neglect this term in the transport model is justified.
In the solution for neutral Ba and BaO shown in Figs. 5(b) and 5(d), the Xe neutral drag and the pressure gradient are the two dominant terms throughout much of the discharge. The convective acceleration term dominates at the orifice where the velocities increase, but is small everywhere else in the discharge. For the purpose of this work, which is primarily to understand the dynamics that occur in the discharge upstream of the orifice, it is safe to neglect this term.
In the BaO solution, the Xe þ ion drag term is also important and becomes large at axial locations near z ¼ 2 cm. The plasma densities are high in this region, and since BaO has a high polarizability and a permanent dipole, the frequency for Xe þ -BaO collisions is high at these locations. Note that electron drag acting on BaO was not included in the model because of insufficient data to determine the reaction rate. The electron drag term was included in the Ba solution, but is small compared with the other terms in the momentum equation as seen in Fig. 5(b) .
Once the Ba and BaO densities reach equilibrium, oxygen is allowed to enter the domain through the upstream inlet. The solution to the transport model assuming nonabsorbing boundary conditions for oxygen at the emitter surface is shown in Figs. 6 and 7 , and results for the perfectly absorbing boundary condition are shown in Fig. 9 .
A. Nonabsorbing case
In the nonabsorbing case, no oxygen is permitted to accumulate on the surface and so it fills the discharge and reaches an equilibrium value that is relatively constant throughout the computational region. Note the similarity between the O 2 neutral density contours for the nonabsorbing case shown in Fig. 6(a) and the Xe neutral density contours shown in Fig. 2(a) . The O 2 neutral density is everywhere about four orders of magnitude lower than the Xe neutral density, which is consistent with the prescribed oxygen concentration of 100 ppm at the cathode inlet. The density decreases near the downstream end of the computational region as neutrals exit through the orifice or become ionized. surface as neutrals. This process accounts for the streamlines originating at the emitter surface in Fig. 6(a) . Figure 6 (c) shows the density contours for atomic oxygen. The number density for O is about five orders of magnitude lower than the number density for O 2 . Since dissociation of O 2 was neglected in this model, the only way to generate O is via reactions between Ba and O 2 .
The terms in the expression for momentum conservation given in Eq. (5) are plotted in Fig. 8 along the axis of symmetry, i.e., for r ¼ 0. In the solution for neutral O 2 and O shown in Figs. 8(a) and 8(e), the Xe neutral drag and the pressure gradient are the two dominant terms throughout much of the discharge. The convective acceleration term dominates at the orifice where the velocities increase, but is small everywhere else in the discharge. In the O 2 solution, the electron drag becomes important as we approach the orifice. In the solution for O þ 2 shown in Fig. 8(c) , the two dominant terms are the electric field term and the Xe þ ion drag, and the convective acceleration term is much smaller than the other terms. 
B. Perfectly absorbing case
In the perfectly absorbing case, oxygen is constantly absorbed by the upstream portion of the emitter, which prevents oxygen from completely filling the discharge chamber as seen in the nonabsorbing case. The radial gradient in the density creates a diffusion flux that transports the oxygen toward the emitter surface where it is absorbed. A steep axial density gradient is formed, resulting in O 2 densities that vary by four orders of magnitude along the emitter length as shown in Fig. 9(a) . The O 2 neutral flux to the surface is very high at the upstream end and rapidly drops off with distance.
The barium species are more dominant than the oxygen species in this case. O þ 2 density contours and streamlines are shown in Fig.  9(b) . Recall from Fig. 7 that the O 2 ionization mean free path is lowest in the region between z ¼ 1:9 and 2.2 cm. However, since O 2 neutral densities are so low there not much ionization takes place. This moves the high ion density region further upstream, and most of the ions are generated in the region between z ¼ 1:3 and 1.6 cm. Figure 9 (c) shows the density contours for atomic oxygen. Since dissociation of O 2 was neglected in this model, the only way to generate O is via reactions between Ba and O 2 . Consequently, the highest density of O is near the inlet where the O 2 number density is highest. The terms in the expression for momentum conservation are plotted in Fig. 8 along the axis of symmetry, i.e., for r ¼ 0. In the solution for neutral O 2 and O shown in Figs. 8(b) and 8(f), the Xe neutral drag and the pressure gradient are the two dominant terms throughout much of the discharge. These terms are most dominant at the upstream end as this is where the oxygen densities are highest. In the solution for O þ 2 shown in Fig. 8(d) , the two dominant terms are the electric field term and the Xe þ ion drag. Xe neutral drag is important upstream because of charge exchange collisions. The convective acceleration term is small everywhere for all three solutions.
VI. CONCLUSIONS
The results presented here show the transport of barium and oxygen species in the Xe plasma as described by the conservation equations. Ba and BaO move through the emitter pores and enter into the plasma where they are ionized and transported back to the surface via the electric field. Ba is readily ionized in the emission zone as a result of its low ionization potential, and very few Ba neutrals escape through the orifice. BaO is not as effectively recycled because its ionization rate is lower and a non-negligible amount of BaO is allowed to escape through the orifice.
During poisoning, oxygen was allowed to enter the plasma discharge through the upstream inlet. The dominant ionization process for O 2 molecules was resonant charge exchange with Xe þ . The oxygen was also allowed to interact with Ba to form BaO; however, since the reactant concentrations were small, very little BaO was formed in the discharge. Dissociation of O 2 was not considered as the bond energy of O 2 is high and dissociation cross sections are low. Therefore, O is generated only during reactions between O 2 and Ba, and consequently, the O number densities are very small.
In order to understand the transport of oxygen species in the cathode, two bounding cases were explored. The first case assumed no oxygen accumulation on the emitter surface. This boundary condition gives a uniform O 2 neutral density at the prescribed concentration throughout the entire domain. Very little O 2 is lost to ionization, and the O þ 2 density is more than two orders of magnitude lower than the O 2 density. The oxygen is not effectively recycled in the plasma and all neutrals that escape ionization exit the cathode through the orifice.
The second boundary condition assumed the emitter to be a perfectly absorbing surface. This case is representative of what would occur early on in oxygen poisoning. The results give a steep gradient in the O 2 density with axial distance as a result of significant oxygen gettering upstream. Although the temperatures and plasma densities are highest in the emission zone, the O 2 density is so low there that not much ionization takes place and the region of maximum O þ 2 density occurs further upstream. The results show that the pressure gradient is balanced by the Xe drag in the neutral species momentum equation, and the electric field term is balanced by the Xe þ ion drag in the ion species momentum equation. The radial gradients in the O 2 neutral density are small, which indicates that the oxygen flux to the surface is not diffusion-limited. Additionally, the calculated O 2 flux to the surface is much higher than expected based on the slow poisoning rates observed experimentally. This suggests that the rate-limiting step for oxygen poisoning in plasma cathodes is associated with surface processes rather than transport phenomena in the gas phase.
Understanding the surface state is important since the work function will vary with barium and oxygen coverage to alter the electron emission. Future studies should aspire to solve the xenon plasma and oxygen transport models concurrently and include boundary conditions that change in time as the oxygen accumulates. This construct would allow for changes to the plasma gas and the emitter surface to constantly inform each other.
